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Abstract 
 
 Biofilms are complex, cooperative microbial communities encased in an extracellular 
matrix and attached to a surface. Biofilms are ubiquitous in virtually all environments and 
perform many important ecological functions. They can also cause dangerous, drug-resistant 
infections. There is thus great interest in studying biofilms and how to combat them.  
 The research presented here uses natural isolates of the budding yeast, Saccharomyces 
cerevisiae, to explore the fitness effects of biofilm formation. Biofilm-forming and non-biofilm-
forming strains were grown alone and in mixed colonies with and without inducing biofilm 
formation, and the change in biofilm-strain frequency used to determine what conditions favor 
biofilm-forming strains. It was found that biofilm formation confers a robust fitness advantage 
when strains are grown in mixed colonies. Images taken of colonies support the hypothesis that 
this fitness advantage is due to greater spatial use by biofilms. 
 This research also explores ways to disrupt S. cerevisiae biofilms using natural S. 
cerevisiae killer toxins. Competition assays were conducted between biofilm-forming and toxin-
producing strains. It was found that biofilm-forming strains differ widely in their susceptibility to 
killer toxins, but that some toxins can greatly interfere with biofilm formation. 
 Lastly, this research explores the use of engineered "Trojan Horse" toxin-producing 
strains to achieve biofilm disruption, with mixed success. 
 Throughout, the research presented here explores the fitness and function of S. cerevisiae 
biofilm formation as a cooperative phenotype and as a spatial strategy, suggesting new 
approaches to study and to combat biofilms. 
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Introduction 
 
Microbial Biofilms 
 Biofilms are complex microbial communities anchored to a surface and containing a 
secreted extracellular matrix (ECM) (Hope and Dunham, 2014; Nadell et al., 2016). Biofilms are 
common among microorganisms in virtually all habitats and provide advantages such as 
cooperative social phenotypes and protection from antimicrobials and other external challenges 
(Fanning and Mitchell, 2012; Flemming, 2002; Hall-Stoodley et al., 2004; Nadell et al., 2016). 
 Biofilms perform many essential ecological functions and are used by humans in a wide 
range of applications; however, they can also cause dangerous infections and costly damage to 
machinery (Fanning and Mitchell, 2012; Flemming, 2002; Hall-Stoodley et al., 2004; Nadell et 
al., 2016). There is thus great interest in preventing or disrupting biofilms in clinical and 
industrial settings. 
 Most research on biofilms has been conducted with bacteria (Hall-Stoodley et al., 2004; 
Nadell et al., 2016; Reynolds and Fink, 2001). In eukaryotes, biofilm formation has been studied 
mostly in medically relevant fungi (Fanning and Mitchell, 2012). Many fungal pathogens, such 
as Candida albicans, form biofilms that increase resistance to antifungals and that adhere to 
medical devices and implants (Fanning and Mitchell, 2012; Reynolds and Fink, 2001; Roig et 
al., 2013). The budding yeast, Saccharomyces cerevisiae, is an emerging model for such fungal 
biofilms (Reynolds and Fink, 2001; Váchová et al., 2011). S. cerevisiae biofilms exhibit many 
characteristics common to those of fungal pathogens, such as ECM secretion, substrate adhesion, 
and cell differentiation (Fanning and Mitchell, 2012; Roig et al., 2013; Váchová et al., 2011). 
 
Social Phenotypes in Microorganisms 
 Seemingly "social" phenotypes are vital for the fitness and ecological function of many 
microorganisms (Crespi, 2001; Nadell et al., 2010; Nadell et al., 2016; West et al., 2006; West et 
al., 2007). Some social phenotypes are competitive, such as the production of antibiotics and 
toxins. Others are cooperative, such as the secretion of nutrient chelators, enzymes, signaling 
molecules, or other "public goods" (Crespi, 2001; Momeni et al., 2013a; Nadell et al., 2016; 
West et al., 2006; West et al., 2007). 
 Despite the ubiquity of microbial cooperation, explaining the evolution of such 
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phenotypes is difficult (Lion and van Baalen, 2008; Nadell et al., 2010; Nadell et al., 2016; Van 
Dyken et al., 2013; West et al., 2006). Cooperative phenotypes can result in a net increase in the 
growth of microbial populations, but are often costly for individual cells. Non-cooperative 
mutants or invading strains can outcompete cooperators in direct competition. As well, non-
cooperators can sometimes take advantage of cooperation without incurring its costs. Such 
"cheaters" would be predicted to have a fitness advantage against cooperators, leading to 
decreases in cooperator frequencies and the evolutionary loss of microbial cooperation 
altogether. Experimental evolution consistently yields this predicted outcome when cooperators 
and cheaters are grown in liquid culture or well mixed in population models (Momeni et al., 
2013b; Nadell and Bassler, 2011; Nadell et al., 2010; Van Dyken et al., 2013). 
 In contrast to liquid or well-mixed populations, cooperators can potentially outcompete 
cheaters under spatially structured conditions, which can be modeled on agar and with agent-
based models in silico (Kreft, 2004; Lion and van Baalen, 2008; Nadell et al., 2010; Nadell et 
al., 2016; Van Dyken et al., 2013). Spatially expanding populations, such as microbial colonies, 
grow in waves that can be mathematically characterized (Gandhi et al., 2016; Korolev et al., 
2012; Van Dyken et al., 2013). Often, only a small number of individual cells at colony edges 
contribute to continued growth (Mitri et al., 2016; Van Dyken et al., 2013). Colony edges thus 
experience continuous genetic bottlenecks, which can lead to stochastic loss of diversity as well 
as spatial separation of different cell lineages (Baym et al., 2016; Mitri et al., 2016; Momeni et 
al., 2013a; Nadell et al., 2010; Nadell et al., 2016; Van Dyken et al., 2013). Lineage separation 
increases with decreased active layer depth, a measure of the cells at colony edges that are 
actively growing and dividing (Nadell et al., 2010). Active layer depth is determined by factors 
such as nutrient concentration, nutrient diffusion rate, and cell growth rate. 
 Lineage separation increases the inclusive fitness of cooperators by increasing the genetic 
relatedness of neighboring cells (Lion and van Baalen, 2008; Nadell and Bassler, 2011; Van 
Dyken et al., 2013). If initially mixed colonies of cooperators and cheaters separate by lineage, 
then cooperators preferentially interact with each other and cheaters are largely excluded from 
the benefits of cooperation (Lion and van Baalen, 2008; Nadell et al., 2010; Van Dyken et al., 
2013). The greater net growth rate of cooperator patches can allow them to spatially exclude and 
outcompete cheaters (Figure 1). The same forces would also select against spontaneous cheater 
mutants among cooperators, potentially explaining how cooperation is maintained in many 
	   7	  
natural populations. 
 
Biofilms and Spatial Structure 
 Spatial structure is especially important in biofilm communities (Kreft, 2004; Nadell and 
Bassler, 2011; Nadell et al., 2016). The secreted extracellular matrix (ECM) limits the movement 
of cells within biofilms, increasing lineage separation and interactions between neighboring cells 
(Kreft, 2004; Nadell et al., 2016; West et al., 2007). Adhesion mechanisms directly connect 
dividing cells in many microbial biofilms, further increasing lineage separation (Nadell et al., 
2016; Schluter et al., 2015). ECM-mediated cell-cell and cell-substrate adhesion can also 
displace non-ECM-secreting strains. Biofilm formation thus promotes the spatial exclusion of 
cheaters and increases beneficial interactions between neighboring cooperators.  
 ECM production can also directly increase 
spatial use (Kreft, 2004; Nadell and Bassler, 2011; 
Nadell et al., 2016; Schluter et al., 2015; Xavier and 
Foster, 2007). As nutrients are depleted within 
microbial colonies, cells compete to access nutrients 
beyond colony edges. ECM secretion increases the 
volume of cell patches more quickly than cell 
division alone, allowing hyper-secreting strains to 
expand more rapidly towards nutrients and to 
spatially exclude competitors (Figure 2). Biofilm 
production can thus be considered a spatial strategy that allows cooperative strains to exclude 
Figure 2: Biofilm production as a spatial 
strategy. Simulated cells (red) that 
produce ECM (yellow) expand more 
rapidly towards nutrients (gray gradient) 
than cells (blue) that do not produce 
ECM (Xavier and Foster, 2007). 
Figure 1: Lineage separation at colony edges can decrease cheaters' access to the benefits of 
cooperation, allowing faster-growing cooperator patches (red) to spatially exclude and 
outcompete cheaters (green). This can be shown with agent-based models (left) and in microbial 
colonies with engineered public goods systems (right) (Nadell et al., 2016). 	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cheaters and competitors. 
 
Saccharomyces cerevisiae as a Biofilm Model 
 The budding yeast, Saccharomyces cerevisiae, is a unicellular fungus widely studied as a 
model organism for biomedical and basic research. It is found in many different natural habitats, 
such as vineyards, woodlands, and soil (Liti et al., 2009; Strope et al., 2015). It is also found in 
clinical settings, where it can cause opportunistic infections (Enache-Angoulvant and Hennequin, 
2005; Muñoz et al., 2005; Strope et al., 2015). 
 Because biofilm formation makes conducting many experiments with S. cerevisiae more 
difficult, these phenotypes have been selected against in research and most lab strains exhibit 
only simple, "smooth" colony morphologies (Hope and Dunham, 2014; Kuthan et al., 2003; Liu 
et al., 1996; Tan et al., 2013). In contrast, biofilm formation has been frequently observed among 
clinical and vineyard S. cerevisiae isolates, suggesting a connection with virulence and with 
responses to environmental stress (Hsu et al., 2015; Kuthan et al., 2003; Roig et al., 2013). Many 
genes and pathways involved in biofilm formation are conserved between fungal pathogens 
(Fanning and Mitchell, 2012; Váchová et al., 2011). Studying S. cerevisiae biofilms thus offers 
insights into the evolution of virulence in fungi and could suggest approaches to combat biofilm-
forming pathogens. 
 S. cerevisiae biofilms form as either mats adhering to plastic surfaces or as complex, 
structured colonies (Hope and Dunham, 2014). The research presented here studies the 
phenotype of complex colony morphology (CCM). CCM forms in response to high-nitrogen, 
low-carbon conditions and may provide increased nutrient scavenging or protection from 
external stresses, such as antimicrobials or dehydration (Figure 3) (Granek and Magwene, 2010; 
Granek et al., 2011; Váchová et al., 2011). 
 
 
  
  
 
 
 
Figure 3: Examples of smooth (green) and CCM (red) colonies (images are to scale).	  
	   9	  
 Like all biofilms, CCM colonies are anchored to a substrate and encased in a hydrated 
extracellular matrix (ECM), which covers and connects individual cells (Kuthan et al., 2003; 
Št'ovíček et al., 2010; Váchová et al., 2011). The ECM contains channels that allow interior cells 
to access water and nutrients (Kuthan et al., 2003; Váchová et al., 2011). It is composed 
primarily of polysaccharides, but its exact composition has yet to be characterized (Faria-
Oliveira et al., 2015). 
 Cells in CCM colonies are often specialized, with different gene expression patterns and 
morphologies (Váchová et al., 2011). Cells at the base of colonies elongate and join to form 
pseudohyphae, which penetrate the substrate and anchor the colony. Outer cells may express 
drug efflux pumps, while inner cells actively divide and secrete a protective, selectively 
permeable ECM. Cooperation between cells is thus essential for CCM formation. Cheaters 
within a CCM colony could potentially disrupt its structure and reduce cooperator fitness. 
 Thus far, S. cerevisiae biofilm research has mostly focused on the genetic basis of the 
trait, and factors that may induce its formation. Briefly, cell-cell and cell-substrate adhesion in 
CCM colonies are mediated by the adhesin Flo11p, a highly polymorphic cell-wall glycoprotein 
(Kraushaar et al., 2015; Kuthan et al., 2003; Št'ovíček et al., 2010; Váchová et al., 2011). 
Notably, most lab strains do not express the FLO11 gene due to a nonsense mutation in the 
regulatory gene FLO8 (Liu et al., 1996; Št'ovíček et al., 2010). 
 In addition to FLO11, many other genes that affect S. cerevisiae biofilm morphology 
have been identified (Granek and Magwene, 2010; Kuthan et al., 2003). Many are part of 
signaling pathways, including the well-studied MAP kinase cascade and Ras-cAMP-PKA 
pathway, which regulate CCM formation in response to numerous environmental stimuli 
(Granek and Magwene, 2010; Granek et al., 2011). Others encode proteins that affect cell-wall 
integrity and membrane composition (Hsu et al., 2015; Št'ovíček et al., 2014). 
 Biofilm phenotypes are also affected by ploidy. S. cerevisiae cells can exist in both 
haploid and diploid states, which often have different colony morphologies (Granek and 
Magwene, 2010; Hope and Dunham, 2014). As well, aneuploidy is common among some S. 
cerevisiae strains and can cause a phenotypic switch between CCM and smooth morphologies 
(Tan et al., 2013). CCM phenotype may also be affected by prions (Holmes et al., 2013; Hope 
and Dunham, 2014). 
 Thus, S. cerevisiae biofilm formation is an extremely complex developmental trait, 
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seemingly induced in response to stress. The diversity of natural S. cerevisiae biofilms has only 
recently been recognized, and surveys of strains' individual morphologies have been conducted 
(Hope and Dunham, 2014; Kuthan et al., 2003; Reynolds and Fink, 2001). Very few studies have 
directly examined the fitness effects of S. cerevisiae biofilm formation (Regenberg et al., 2016; 
Tan et al., 2013). To date, no studies have explored the interactions between strains or the 
potential for cooperation. The research presented here begins to explore these effects using 
competitions between natural S. cerevisiae isolates. 
 
Exploring Strategies for Biofilm Disruption 
 Given the ubiquity of social phenotypes among microorganisms and the delicate 
presumed balance between cooperation and cheating, Brown et al. (2009) outline several 
strategies to exploit the potential for cheater strains to invade cooperative communities of 
pathogens. One strategy is to engineer a cheater strain to express a toxin under an inducible 
promoter. This "Trojan Horse" strain could be introduced into pathogen communities and then 
induced to express the toxin, eliminating both cooperators and cheaters. 
 
Yeast Killer Toxins 
 The research presented here uses S. cerevisiae yeast killer toxins to explore the 
potential of Trojan Horse strains for biofilm disruption. Yeast killer toxins occur widely in 
natural populations of S. cerevisiae and related species (Lukša et al., 2016; Pieczynska et al., 
2013; Podoliankaitė et al., 2014; Schmitt and Breinig, 2006); one study found toxin production 
by around 10% of strains surveyed (Pieczynska et al., 2013). Toxins are secreted proteins that 
function in inter-strain competition and that have been previously harnessed for biocontrol in the 
wine industry (Podoliankaitė et al., 2014; Schmitt and Breinig, 2006). Secreting cells are 
protected, while nearby sensitive cells are killed. 
 S. cerevisiae killer toxins are α/β heterodimers encoded by cytoplasmically inherited 
double-stranded RNA (dsRNA) killer viruses (Rodríguez-Cousiño et al., 2011; Schmitt and 
Breinig, 2006). Killer viruses replicate with the aid of dsRNA helper viruses, which encode the 
viral capsid protein and RNA-dependent RNA polymerase. 
 Several different yeast killer toxins have been identified, which have different modes of 
action (Rodríguez-Cousiño et al., 2011; Schmitt and Breinig, 2006; Servienė et al., 2012). Cells 
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secreting one toxin remain sensitive to the others (Orentaite et al., 2016; Rodríguez-Cousiño et 
al., 2011). Toxins K1, K2, and K28 are the best characterized (Schmitt and Breinig, 2006). A 
fourth S. cerevisiae killer toxin, Klus, was recently discovered (Rodríguez-Cousiño et al., 2011). 
The research presented here uses K28 and K2. 
 K28 was first identified in 1982 in the wine S. cerevisiae strain 28 (Pfeiffer and Radler, 
1982; Schmitt and Tipper, 1990). K28 is taken up by sensitive cells and interferes with proteins 
essential for cell-cycle control, fatally blocking DNA synthesis (Reiter et al., 2005; Schmitt and 
Breinig, 2006; Schmitt et al., 1996). 
 K2 was first distinguished from K1 in 1978 (Wingfield et al., 1990; Young and Yagiu, 
1978). K2 is the S. cerevisiae killer toxin most commonly found in vineyard ecosystems 
(Podoliankaitė et al., 2014; Rodríguez-Cousiño et al., 2011). It is highly active even when 
secreted at very low levels. K2 acts quickly to induce membrane permeability and reduce 
intracellular ATP levels in sensitive cells, but the details of its mode of action remain unknown 
(Orentaite et al., 2016). 
 Resistance to killer toxins is common among natural S. cerevisiae populations; one study 
found 25% of surveyed strains to be resistant to at least one killer toxin (Pieczynska et al., 2013). 
Cells with mutant killer viruses can lose toxin secretion or activity while maintaining resistance 
(Pieczynska et al., 2013; Schmitt and Breinig, 2006). Cells without killer viruses can develop 
resistance through mutations in toxin targets or receptors (Becker et al., 2016; Pieczynska et al., 
2013; Schmitt and Breinig, 2006; Servienė et al., 2012). 
 
Research Aims 
 The research presented here begins to explore the function and fitness of biofilm 
formation in S. cerevisiae. Several questions about biofilm formation as a cooperative 
phenotype and as a spatial strategy are addressed: 
 Question 1: Does biofilm formation provide a fitness benefit? Under what conditions? It 
was initially hypothesized that inter-strain interactions would affect the relative fitness of 
biofilm-forming S. cerevisiae strains, because biofilms require communication and cooperation 
between individual cells. To test this hypothesis, biofilm-forming (CCM) and non-biofilm-
forming (smooth) strains were grown alone and in mixed colonies with and without inducing 
biofilm formation. Gross colony morphology was documented and the proportion of each strain 
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calculated from samples of initial cultures and final colonies. The robustness of the observed 
fitness effect of biofilm formation was tested by conducting additional assays with an initial 1:9 
ratio of CCM strain to smooth strain. Assays were also conducted in which growing colonies 
were mechanically disrupted, to test the hypothesis that the spatial structure of CCM colonies 
was responsible for the observed fitness effect. 
 Question 2: Can natural killer toxins disrupt biofilm formation? It was hypothesized that 
toxin activity would kill biofilm-forming cells and prevent the cooperation necessary for CCM 
morphology to emerge. To test this hypothesis, additional fitness assays were conducted between 
CCM and K2 and K28 killer S. cerevisiae strains. 
 Question 3: Can an engineered Trojan Horse strain achieve biofilm disruption? 
Previously assayed smooth strains were engineered to express a K2 cDNA cassette on an extra-
chromosomal plasmid. Resulting strains were then grown in competition with a CCM strain 
across a range of initial strain proportions and initial and final strain proportions calculated.  
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Materials and Methods 
 
Media 
 Strains were grown in standard 2%-dextrose yeast-peptone-dextrose (YPD) liquid 
medium and on YPD and 0.1%-dextrose YPD (low-dextrose) 2% agar. CCM strains exhibit 
typical smooth colony morphology on YPD agar and form biofilms on low-dextrose agar 
(Figure 3) (Granek and Magwene, 2010; Granek et al., 2011). 
 Low-pH YPD and low-pH low-dextrose agar were made for assays with toxin-producing 
strains by adding powdered citric acid to a pH of approximately 4.5 and liquid methylene blue 
dye to color (Lukša et al., 2016; Pieczynska et al., 2013). Methylene blue stains dead yeast cells 
and helps visualize toxin activity (Woods and Bevan, 1968). For all assays with toxin-producing 
strains, 1.5% agar was used. Media was supplemented with antibiotics when appropriate. 
 
Strains 
 Natural S. cerevisiae strains from publically available and personal collections were 
screened on YPD and low-dextrose agar to identify strains of interest (Liti et al., 2009; Strope et 
al., 2015). Three smooth strains and two strains exhibiting CCM morphology were selected 
(Table 1). Strains were first transformed to express cassettes with an antibiotic resistance marker 
(KanMX) and either green fluorescent protein (GFP) or red fluorescent protein (mCherry)	  
attached to PGK1, a highly expressed protein important for glycolysis (Qian et al., 2017). The 
cassettes were amplified from the plasmids pFA6-GFP-KanMX6 (Longtine et al., 1998) or 
pBS34-mCherry-KanMX6 (from the Yeast Resource Center at the University of Washington) 
using primers targeted to the terminal sequence of PGK1 (Table 2). The antibiotic resistance 
marker was then changed for some strains (Table 1). 
 Existing K2 and K28 killer S. cerevisiae strains and a sensitive strain (generously 
provided by	  D. Wloch-Salamon) were used for assays of toxin activity (Pieczynska et al., 2013). 
 
Growing Colonies 
 Two μL of overnight culture was added to 198 μL of sterile deionized water in wells of a 
non-treated 96-well plate. For mixed colonies, 1 μL of each strain was added. For assays with an 
initial 1:9 ratio of CCM to smooth strain, 2 μL of culture was added after mixing CCM-strain 
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culture and smooth-strain culture in microcentrifuge tubes. For assays of generated Trojan Horse 
strains, 2 μL of culture was added after mixing Trojan Horse strains and a biofilm strain in 
microcentrifuge tubes in proportions of 0:100, 5:95, 10:90, 25:75, and 50:50. 
 Three replicates were made for each strain and mix of strains, with the exception of one 
set of competitions between YJM224 
and YJM981 and between YJM224 
and YPS681, for which two 
replicates were made for pure 
colonies. Ninety-six-well plates were 
then pinned onto YPD and low-
dextrose Omniplates (Figure 4). For 
initial assays with toxin-producing 
strains, plates were pinned onto 
YPD, low-dextrose, low-pH, and 
low-pH low-dextrose Omniplates. 
For assays of generated Trojan Horse 
strains, plates were pinned onto low-
pH low-dextrose Omniplates supplemented with G418. 
 For fitness assays, YPD plates were incubated at 30°C for approximately 3-4 days; low-
dextrose YPD plates were incubated for approximately 5 days. For assays with toxin-producing 
strains, all plates were incubated at room temperature for approximately 6-7 days (Lukša et al., 
2016). For assays with mechanical disruption, a sterile pin was used to swirl colonies once per 
day once colony growth was evident. 
 
Processing Colonies 
 Fluorescent and/or light images were taken of each colony. For colonies with two 
fluorescent strains, red and green fluorescent images were merged using ImageJ. 
 In order to obtain entire colonies, a metal cylinder and attached rubber bulb were used to 
take agar plugs, which were suspended in either 2.5 mL sterile deionized water or 2.5 mL sterile 
15% glycerol (to allow storage for later processing) in either 5 mL microcentrifuge tubes or 15 
mL centrifuge tubes (Figure 5). The metal cylinder was sterilized with 70% ethanol and flamed 
Figure 4: Pinner and pinner guides used to transfer 
culture from 96-well plates to Omniplates.	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dry before each plug was taken. For larger CCM colonies, 
a razor blade sterilized with 70% ethanol was used instead. 
 Because some CCM strains adhere tightly to agar, a 
protocol was developed by Angela Heysel to maximize 
recovery of cells from suspensions. First, several sterile 
glass beads were added to each tube; contents were then 
sonicated to break up colonies and clumps of cells. Forceps, 
sterilized with 70% ethanol and flamed dry, were then used 
to break up the agar in each tube. Several more glass beads 
were added and contents were then sonicated as before to 
release cells embedded in the agar. 
 Two sets of fitness assays were performed. The 
first set used a Branson Digital Sonifier. Tube contents 
were sonicated for three 10-second intervals each at	  10% 
amplitude, using 70% ethanol and sterile deionized water to clean the sonicator probe between 
tubes. The second set of fitness assays used a UP200St sonicator with VialTweeter Sonotrode. 
Tube contents were sonicated for several intervals of several seconds at 50% amplitude. 
 
Cell Counts 
 Initial and final strain counts and proportions were calculated using either cell counts 
from plates or fluorescence microscopy. 
 For plate counts, 100 μL of initial culture from 96-well plates was diluted in 10 mL 
sterile deionized water; 100 μL was then plated on YPD, and plates were incubated at 30°C for 
approximately 2-3 days. Colonies were then counted to calculate initial strain proportions in the 
96-well plates and the number of cells pinned. Colonies from mixed wells were counted using a 
fluorescent microscope to identify colonies of each strain. Counts for most assays were verified 
by replica plating to YPD plates with an appropriate antibiotic. Processed final colony 
suspensions were similarly diluted, plated, and counted. Optical density at 600 nm was measured 
for most suspensions. OD600 measures were used to choose an appropriate serial dilution for 
each suspension. The most common serial dilution was 1:100 and then 1:100 culture to sterile 
deionized water; 100 μL was then plated. 
Figure 5: Apparatus for taking plugs  
from agar.	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 For imaging, 10 μL of initial culture was spotted on a Hausser Scientific Reichert Bright-
Line Hemacytometer and photographed using a fluorescent microscope. Images were processed 
using ImageJ to obtain cell counts, which were verified or adjusted by manual counting. Two 
hundred μL of processed final colony suspensions was diluted in 1 mL sterile deionized water 
and similarly photographed and counted. 
 
Trojan Horse Generation 
 Because natural S. cerevisiae killer toxin systems require inheritance of two cytoplasmic 
viruses, previously assayed smooth S. cerevisiae strains were instead engineered to express a 
cDNA copy of the K2 toxin gene. The research presented here uses strains that express K2 
cDNA on an extra-chromosomal plasmid. Future experiments will attempt to engineer strains 
with a K2 cassette integrated into the genome. 
 A plasmid was constructed using the published sequence of the K2 killer toxin gene 
(Dignard et al., 1991; Meškauskas and Čitavičius, 1992). Meškauskas and Čitavičius showed 
that K2 cDNA could be expressed under the constitutive ADH1 promoter and successfully yield 
toxin activity. The following construct was ordered and synthesized by GenScript: BamHI-K2 
Toxin Gene-ADH1 terminator-EcoRV-KanMX-BamHI (Table 3). This construct was inserted 
into a yeast plasmid vector (pESC-URA) under the GAL1 promoter (GenScript, 2017). 
 A plasmid containing K2 under the ADH1 promoter was then generated. The above 
cassette was first amplified using primers containing a multiple cloning site and homology to the 
K2 cassette; hot-start PCR was run using iProof™ High-Fidelity DNA Polymerase and 34 cycles 
of 98°C for 10 seconds, 70°C for 30 seconds, and 72°C for 2 minutes (Bio-Rad Laboratories, 
2017). The PCR product was then purified and sequentially digested with the restriction enzymes 
SacI, then EcoRI. A plasmid containing the ADH1 promoter (generously provided by O. 
Kerscher) was also digested with SacI and EcoRI (plasmid originally pRS313; ADH1 promoter 
added at the EcoRV site) (Sikorski and Hieter, 1989). The digested K2 cassette and ADH1-
containing plasmid were then ligated and used to transform competent E. coli (Figure 6) (New 
England Biolabs, 2017a; New England Biolabs, 2017b). The resulting plasmid was purified and 
tested for successful ligation using digestion, viewing on an agarose gel, and sequencing. The 
plasmid was then used to transform previously assayed smooth S. cerevisiae strains (Table 1). 
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 Strains were tested for toxin activity by spotting on a sensitive-strain lawn on a low-pH 
plate supplemented with G418. 
Plates were incubated at room 
temperature until sensitive-strain 
growth was evident. Toxin 
activity was visible as halos 
without sensitive-strain growth 
around spotted transformants 
(Figure 7). 
 
Statistical Analysis 
 The data were analyzed in 
Figure 6: Ligated ADH-K2 plasmid. 	  
Figure 7: Toxin activity of generated Trojan Horse strains 
was tested by spotting on a sensitive-strain lawn. Halos 
without sensitive-strain growth can be seen around spotted 
colonies. 	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JMP v11.2.0 using a least-squares regression model with the change in the frequency of the 
CCM strain as the response variable. CCM strain, medium, and treatment (such as mechanical 
disruption) were considered fixed effects, and assay type (plate counts vs. slide counts) and 
researcher (A.H. and B.D.) were modeled as random effects. 
 
Results 	  
Natural Strain Competitions 
 Biofilm-forming (CCM) and non-biofilm-forming (smooth) strains were grown alone and 
in mixed colonies with and without inducing biofilm formation (Figure 8). Initial and final strain 
frequencies were determined; frequencies for strains grown alone were determined by pairing a 
colony from each genetic background at random. Figure 9 shows initial and final CCM-strain 
frequencies for each treatment: pure colonies without biofilm induction, mixed colonies without 
biofilm induction, pure colonies with biofilm induction, and mixed colonies with biofilm 
induction. YJM311 and YJM224 are the two different CCM strains used. This same plot design 
is used throughout this work to display the results of individual assays. 
 The slopes of the lines in Figure 9 represent change in CCM-strain frequency, the 
response variable of interest for this research. A positive change in CCM-strain frequency 
suggests that CCM strains have a fitness advantage against competing strains. A negative change 
suggests that CCM strains have a disadvantage. Figure 10 below shows the average change 
(slope) in CCM-strain frequency for each treatment and CCM strain. This same plot design is 
A	   B	   C	   D	  
Figure 8: Examples of pure and mixed colonies of SK1 (green) and YJM224 (red). (A-B) Pure 
colonies are both from the biofilm-induction treatment; SK1 is a smooth strain and does not form 
biofilms, while YJM224 is a CCM strain. (C) Mixed colony from the treatment without biofilm 
induction. (D) Mixed colony from the treatment with biofilm induction. 	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used throughout this work to display trends across multiple assays. As shown by both figures, 
biofilm formation confers an advantage, and that advantage is enhanced in competition between 
natural isolates. 
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Figure 9: Points represent mean frequencies for several replicates within each competition 
assay conducted. Error bars represent approximate 95% confidence intervals (± 2*standard 
error of the mean). 
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Figure 10: Change in the frequency of the biofilm-forming strains in different media. Error 
bars represent approximate 95% confidence intervals (± 2*standard error of the mean). 
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 The linear regression analysis showed that a small amount of variation in change in 
CCM-strain frequency was attributable to which researcher (A.H. or B.D.) conducted the assays. 
Results were not affected by which 
sonicator was used to process colonies or 
by whether plate counts or microscopy 
was used to determine strain proportions. 
Results were also consistent between 
assays that used different fluorescent and 
antibiotic resistance markers. Treatment 
(Medium) significantly affected the 
change in CCM-strain frequency. Effects 
of the different treatments were consistent 
between the two CCM strains. 
 
 The robustness of these findings 
was tested by conducting assays with an 
initial 1:9 ratio of CCM strain to smooth 
strain (Figure 11). Overall, the results 
were consistent with previous assays, 
with CCM strains again showing a fitness 
advantage in mixed colonies with biofilm 
induction (Figure 12). 
  
Effect DF F-ratio p-value 
Medium 3, 176 42.87 <0.0001* 
Strain 1, 60.5 0.1202 0.7300 
Medium*Strain 3, 176 0.4507 0.7171 
Researcher  6.6% of the variation 
Assay 0% of the variation 
Effect DF F-ratio p-value 
Medium 3, 56 78.18 <0.0001* 
Strain 1, 43.8 11.19 0.0017* 
Medium*Strain 3, 56 8.56 <0.0001* 
Researcher  2.3% of the variation 
Table: Linear regression model for interactions 
between strains, with slope as the response 
variable.                                                                         
Table: Linear regression model for interactions 
between strains with low initial CCM 
frequency, with slope as the response variable. 
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Figure 11: Points represent mean frequencies for several replicates within each competition 
assay conducted. Error bars represent approximate 95% confidence intervals (± 2*standard 
error of the mean). 
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Figure 12: Change in the frequency of the biofilm-forming strains in different media. Error 
bars represent approximate 95% confidence intervals (± 2*standard error of the mean). 
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 To test the hypothesis that the spatial structure of CCM colonies was responsible for the 
observed fitness advantage of CCM strains in mixed colonies with biofilm induction, assays 
were conducted in which growing colonies were mechanically disrupted. Swirling colonies 
appeared to successfully disrupt gross CCM colony morphology and to decrease spatial 
separation of smooth and CCM strains (Figure 13). 
 
   
 Contrary to expectations, the swirling treatment 
(Treatment) did not have a significant effect on change in CCM-strain frequency (Figure 14). 
Compared to undisturbed mixed colonies with biofilm induction, mechanical disruption appeared 
to decrease the fitness advantage of CCM strains; however, this difference was not statistically 
significant (Figure 15). 
Effect DF F-ratio p-value 
Medium 3, 160.2 28.49 <0.0001* 
Strain 1, 7.1 2.98 0.1276 
Treatment 1, 160.5 1.44 0.2325 
Medium*Strain 3, 160.2 2.42 0.0684 
Medium*Treatment 3, 160.3 2.90 0.0367* 
Strain*Treatment 1, 160.5 0.04 0.8387 
Medium*Strain*Treatment 3, 160.3 0.18 0.9109 
Researcher  0% of the variation 
Figure 13: Swirled mixed colony 
of YJM311 (red) and YJM981 
(green) in biofilm-induction 
treatment. Gross CCM structure 
has been disrupted. Compared to 
undisrupted mixed colonies, 
swirled colonies appear 
noticeably yellow, indicating 
extensive spatial overlap of the 
two strains. 	  
Table: Linear regression model for interactions between 
strains with and without mechanical disruption, with 
slope as the response variable. 
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Figure 15: Change in the frequency of the biofilm-forming strains in different media. Error 
bars represent approximate 95% confidence intervals (± 2*standard error of the mean). 
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Figure 14: Points represent mean frequencies for several replicates within each competition 
assay conducted. Error bars represent approximate 95% confidence intervals (± 2*standard 
error of the mean). 
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Biofilm/Toxin Competitions 
 To test whether killer toxin activity could disrupt biofilm formation, CCM strains were 
grown alone and in mixed colonies with either a K28- or a K2-producing strain, with and without 
inducing biofilm formation and toxin activity (Figure 16). Initial and final strain frequencies and 
the effect of toxin activity were determined. 
 
 When biofilm formation was induced 
without toxin activity, the CCM strains showed 
a fitness advantage consistent with previous 
assays (Figure 17). When toxin activity was 
induced, CCM-strain fitness in mixed colonies 
was significantly decreased, even when biofilm 
production was also induced (Figure 18). This 
effect was particularly dramatic with K2. 
 Interestingly, the fitness of one CCM 
strain (YJM224) was completely unaffected by 
exposure to K28, suggesting that this strain is 
naturally resistant to this toxin. 
 
 
 
 
Effect DF F-ratio p-value 
Medium 7, 32 29.26 <0.0001* 
Strain 1, 32 135.62 <0.0001* 
Medium*Strain 1, 32 9.26 <0.0001* 
Effect DF F-ratio p-value 
Medium 7, 32 68.37 <0.0001* 
Strain 1, 32 29.78 <0.0001* 
Medium*Strain 1, 32 8.71 <0.0001* 
Table: Linear regression model for K2. 
Table: Linear regression model for K28. 
Figure 16: Examples of mixed colonies with both 
biofilm and toxin induction. (A) YJM311 and K28-
producing strain. (B) YJM311 and K2-producing strain. 
A	   B	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Figure 18: Toxin activity. Points represent mean frequencies for several replicates within 
each competition assay conducted. Error bars represent approximate 95% confidence 
intervals (± 2*standard error of the mean). 
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Figure 17: No toxin activity. Points represent mean frequencies for several replicates within 
each competition assay conducted. Error bars represent approximate 95% confidence intervals 
(± 2*standard error of the mean). 
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Trojan Horse Generation 
 Three previously assayed smooth strains were transformed with a plasmid containing K2 
under the ADH1 promoter (Figure 6). Transformants were tested for toxin activity by spotting on 
a sensitive-strain lawn on a low-pH plate. Halos without sensitive-strain growth were apparent 
around transformants, indicating successful expression of the K2 cassette (Figure 7). 
 A competition assay was then conducted between a CCM strain (YJM224) and each of 
the transformants across a range of initial strain proportions. Colonies from two of these assays 
were processed and initial and final strain proportions determined (Figure 19). 
   
 There was a significant difference between 
the two transformants (Toxin Host) in the change in 
CCM-strain frequency. For the SK1 transformant, 
the average change in CCM-strain frequency was 
positive. For the L-1528 transformant, the average 
change was negative (Figure 20). 
  
Effect DF F-ratio p-value 
Toxin Host 1, 20 39.15 <0.0001* 
Start Freq 1, 20 0.087 0.7707 
Toxin*Start 1, 20 12.23 <0.0023* 
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Figure 19: Points represent mean frequencies for several replicates within each competition 
assay conducted. Error bars represent approximate 95% confidence intervals (± 2*standard 
error of the mean). 
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 The initial frequency of the CCM strain affected the two transformants differently 
(Toxin*Start). For the SK1 transformant, there was a greater increase in CCM-strain frequency 
for lower initial frequencies. For the L-1528 transformant, there was a greater decrease in CCM-
strain frequency for lower initial frequencies. 
 These results suggest that only the L-1528 transformant showed successful toxin activity 
in this assay. The positive change in CCM-strain frequency for the SK1 transformant suggests 
that there was no toxin activity and the CCM strain maintained a fitness advantage. In contrast, 
the negative change in CCM-strain frequency for the L-1528 transformant is consistent with the 
hypothesis that toxin production by the transformant would kill CCM-strain cells and reduce the 
fitness advantage of biofilm formation. 	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Figure 20: Data points and regression for generated Trojan Horse strains. 
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Discussion 
 
 The research presented here begins to explore the function and fitness of biofilm 
formation in Saccharomyces cerevisiae. It was initially hypothesized that growing biofilm-
forming (CCM) strains in mixed colonies with other natural isolates would reveal a range of 
social interactions, because cells within CCM colonies must communicate and cooperate to form 
the extracellular matrix (ECM) and other protective CCM features (Váchová et al., 2011). For 
example, it was proposed that natural "cheater" strains might be identified, which could benefit 
from cooperative cells around them without contributing to biofilm formation themselves 
(Brown et al., 2009). Overall, it was expected that the relative fitness of CCM strains would vary 
considerably, with specific inter-strain interactions having major effects. 
 Instead, competition assays between CCM and non-biofilm-forming (smooth) strains 
found that CCM strains have a consistent, robust fitness advantage in direct competition when 
biofilm formation is induced. Examining the images taken of mixed colonies suggests that this 
fitness advantage is likely due to increased spatial use (Figure 8). CCM strains spread much 
farther on agar than smooth strains and, in mixed colonies, often appear to spread around the 
edges of colonies and to spatially exclude the competing smooth strain. Images (C) and (D) in 
Figure 8 illustrate this well: without biofilm induction (C), lineage separation of smooth strain 
SK1 and CCM strain YJM224 is apparent, but the two strains form a round colony with even 
edges; with biofilm induction (D), YJM224 spreads much farther and appears to grow around 
and even over SK1. 
 CCM formation in S. cerevisiae is typically conceptualized as a stress response 
phenotype that improves access to nutrients or resistance against dehydration or antimicrobials 
(Granek and Magwene, 2010; Granek et al., 2011; Váchová et al., 2011). The research presented 
here suggests that, in some natural strains, CCM formation may also function as a competitive 
spatial strategy. Such strategies have been observed in numerous other biofilm-forming 
microorganisms, in which increased ECM production can expand spatial use to outcompete other 
strains (Kreft, 2004; Nadell and Bassler, 2011; Nadell et al., 2016; Schluter et al., 2015; Xavier 
and Foster, 2007). Notably, mat formation, an S. cerevisiae phenotype that shares many 
characteristics with CCM formation, has recently been shown to provide such a spatial advantage 
in a lab strain on semisolid agar (Regenberg et al., 2016). 
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 It was thus hypothesized that disrupting the spatial structure of CCM strains in mixed 
colonies would reduce their observed fitness advantage. Contrary to this hypothesis, the 
mechanical disruption experiments presented here did not find a significant difference between 
CCM-strain fitness in disrupted and undisrupted mixed colonies. CCM formation is a highly 
complex developmental trait, so it is possible that aspects other than increased spatial use also 
contribute to CCM strains' fitness advantage; however, the experiments conducted may simply 
have been insufficient to fully disrupt spatial structure. Swirling colonies only once per day may 
have allowed patches of CCM-strain cells to develop and transiently experience a fitness 
advantage. As well, clumps of CCM-strain cells connected by Flo11p and the secreted ECM may 
not have been separated when colonies were swirled. 
 Another potential benefit of increased spatial use by CCM strains was observed during 
competition assays with toxin-producing strains. Figure 16 shows typical mixed colonies of 
YJM311 with a K28-producing strain and with a K2-producing strain. In both images, there 
appears to be some spatial escape: the smooth toxin-producing strain makes up most of the 
mixed colonies and blue dye indicates extensive cell death; however, there are patches of CCM-
forming YJM311 extending both horizontally and vertically away at the edges of each colony. 
Increased spatial use may allow CCM strains to escape hazards as well as to win in competition 
for nutrients. 
 It was also observed that CCM morphology differs between low-dextrose and low-pH 
low-dextrose media. This is perhaps not surprising, as Flo11p function is pH-dependent 
(Kraushaar et al., 2015). Under low-pH conditions, CCM colonies exhibit less horizontal spread 
across agar and more vertical growth. This illustrates again the complexity of CCM formation as 
a developmental trait. 
 The toxin/biofilm competitions presented here also suggest the importance of killer 
toxins in some natural S. cerevisiae populations. One of the CCM strains tested exhibited 
complete resistance to K28. While this was unexpected, this finding is consistent with surveys of 
S. cerevisiae strains that have found resistance to be common among natural isolates (Pieczynska 
et al., 2013). Like biofilm formation, killer toxin production appears to be a ubiquitous and 
important S. cerevisiae social phenotype and competitive strategy. With the generation of Trojan 
Horse toxin-producing strains, the research presented here seeks to apply S. cerevisiae killer 
toxins to biofilm disruption. 
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 Trojan Horse strains were successfully generated. The initial test for toxin activity of 
transformants appeared to show very strong K2 expression, with halos around transformants 
even wider than those around the K2-producing strain that was spotted as a positive control 
(Figure 7). Less dramatic evidence of toxin activity was found when tranformants were 
competed against a CCM strain (Figures 19 and 20). Only one of the two assayed transformants 
(L-1528) successfully reduced the frequency of the CCM strain. With the other (SK1), the CCM 
strain maintained its fitness advantage. 
 Although strains were grown in selective G418-supplemented media throughout the 
experiment, this transformant may somehow have lost its K2-encoding plasmid. If so, this would 
explain the observed lack of toxin activity. Such plasmid loss occurs often among cultured cells 
in non-selective media, as plasmid carriage typically imposes a fitness cost. In the absence of 
antibiotic or other selection, cell lineages of a transformant strain that have lost their plasmids 
can outcompete plasmid carriers. 
 Tranformants that integrate a cassette into their genome are much more stable than those 
expressing cassettes on extra-chromosomal plasmids. A major aim for future work is thus to 
generate Trojan Horse strains with genomic expression of the K2 cassette used here, in order to 
improve the effectiveness and consistency of Trojan Horse strains in competition. 
 A second future aim is to engineer Trojan Horse strains that express the K2 cassette 
under an inducible promoter. This would allow a greater range of experiments to be conducted, 
such as modeling the invasion of a cheater strain into an established CCM colony. 
 Finally, another future aim is to engineer a Trojan Horse strain to possess an inducible 
self-destruction phenotype, such as a mutation that interferes with chromosome segregation and 
causes cell death (Leu and Murray, 2006). With this Trojan Horse strain, CCM colonies could be 
invaded and disrupted, and the invading strain could then be eliminated as well. Such an 
experiment would be an exciting proof of concept for the idea, from Brown et al. (2009), of 
exploiting cheater strains to fight pathogens. 
 Biofilms are complex, cooperative microbial communities that occur widely in virtually 
all environments. Studying biofilm formation can suggest approaches to combat biofilm-forming 
pathogens as well as provide broader insights into the evolution of social phenotypes in 
microorganisms. S. cerevisiae is an emerging model for fungal biofilms. The research presented 
here uses natural S. cerevisiae isolates to explore the function and fitness of biofilm formation, 
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showing that complex colony morphology confers a fitness advantage, likely through increased 
spatial use. This research also explores the interaction of S. cerevisiae biofilms with killer toxins, 
another common S. cerevisiae social phenotype and competitive strategy, and shows that toxin-
producing strains can often overcome the fitness advantage of biofilm formation. Finally, this 
research begins to explore the potential for engineered Trojan Horse strains to combat biofilms. 
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 Tables 
 
Table 1: Natural isolates and toxin-producing S. cerevisiae strains used in competition assays. 
 
 Natural Isolates 
 YJM311 YJM224 YJM981 
Source Clinical, bile tube, San 
Francisco, USA 
Distillery Yeast Clinical, vaginal, 
Bergamo, Italy 
Person/Collection Paul Magwene (PMY144) Paul Magwene 
(PMY133) 
Sanger Collection 
Citation McCusker et al., 1994  Liti et al., 2009 
HMY Number HMY3 HMY2 HMY157 
mCherry-KanMX HMY7 HMY12  
mCherry-
HygMX 
 HMY247  
GFP-KanMX  HMY9 HMY234 
GFP-HygMX  HMY246  
 
 Natural Isolates (cont.) 
 SK1 YPS681 L-1528 
Source Lab strain, 
soil, USA 
Woodland, oak tree, 
Buck Hill Falls, PA, 
USA 
Vineyard, Cauquenes, Chile, 
fermentation must from 
Cabernet 
Person/Collection Sanger 
Collection 
Paul Sniegowski Sanger Collection 
Citation Liti et al., 
2009 
Sniegowski et al., 2002 Liti et al., 2009 
HMY Number HMY169 HMY270 HMY160 
mCherry-KanMX  HMY18  
GFP-KanMX HMY210 HMY10 HMY222 
GFP-NatMX  HMY211  
GFP-HygMX HMY224 HMY230 HMY252 
 
 Toxin Strains 
 MS300b/ 29-08 29-06    
Killer Toxin K28 K2    
Person/Collection Dominika Wloch-Salamon Dominika Wloch-Salamon    
Citation Pieczynska et al., 2013 Pieczynska et al., 2013    
HMY Number HMY314 HMY315    
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Table 2: PCR primers used to modify natural isolates and to generate Trojan Horse strains. 
 
PGK1-YRC-for 
 GGTAAGGAATTGCCAGGTGTTGCTTTCTTATCCGAAAAGAAAGGTCGACGGATCC
CCGGG 
 40 bp upstream of the PGK1 stop codon plus homology to the pFA6a plasmid (GFP-KanMX 
cassette) 
PGK1-YRC-rev 
 GAAAAGAAAAAAATTGATCTATCGATTTCAATTCAATTCAATATCGATGAATTCG
AGCTCG 
 40 bp downstream of the PGK1 stop codon plus homology to the pFA6a plasmid (GFP-
KanMX cassette) 
MX-for 
 CGTACGCTGCAGGTCGAC 
 Universal MX primers 
MX-rev 
 ATCGATGAATTCGAGCTCG 
 Universal MX primers 
MCS-K2-for 
 GGAATTCCTGCAGCCCGGGGGATCC GAAAAAATGAAAGAGACTACC 
 Homology to the multiple cloning site of pRS plasmids (determined by sequencing BOK360 
plasmid) and homology to the K2 cassette 
HO-virus-2-rev 
 CTT TGG CGA ACT ACC CAG TG 
 Used to amplify PCR product from gel extraction 
Ho-Virus-for 
 CCAAT ACAGCATAGT CTACCACGTT AGTCAACCAT TCATCT 
AAAGTTCGTTCGATCGTACT 
 HO flanking region plus homology to PGK1 promoter 
Ho-Virus-rev 
 CTT TGG CGA ACT ACC CAG TGA AAT GAT TGT CAA TGG CAA GA 
ATCGATGAATTCGAGCTCG 
 HO flanking region plus homology to MX terminator 
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Table 3: K2 cDNA construct: BamHI-K2-ADH1 terminator-EcoRV-KanMX-BamHI. 
 
Promotion 1010WEB14 
BamHI 
 ggatcc 
K2 Toxin 
 GAAAAAATGAAAGAGACTACCACCAGCCTGATGCAAGACGAGCTGACACTAGGT
GAGCCGGCCACCCAAGCAAGGATGTGCGTACGTCTATTACGTTTTTTCATAGGTCT
GACTATAACCGCATTTATTATAGCAGCCTGTATTATTAAAAGTGCGACAGGCGGTT
CGGGATATTCTAAAGCAGTTGCTGTTCGGGGAGAAGCGGACACCCCTTCCACAAT
TGTGGGCCAGCTCGTCGAGCGTGGCGGCTTCCAAGCTTGGGCAGTGGGGGCTGGT
ATCTATTTGTTTGCCAAGATAGCATATGATACATCTAAGGTTACCGCAGCTGTATG
TAATCCGGAGGCGCTCATTGCTATCACATCGTATGTGGCATATGCCCCTACACTGT
GTGCTGGTGCATACGTTATTGGTGCCATGAGTGGGGCAATGTCGGCGGGCCTTGC
TCTGTATGCCGGTTACAAAGGATGGCAGTGGGGCGGCCCCGGGGGCATGGCAGA
GAGAGAGGACGTGGCCTCTTTTTATTCACCACTCCTGAACAACACTCTGTACGTGG
GTGGGGACCACACTGCAGACTACGACAGTGAATTGGCTACTATATTAGGTAGCGT
ATATAATGATGTGGTCCACCTGGGGGTGTATTACGATAACAGCACTGGAATTGTC
AAGAGGGATTCGAGACCTAGCATGATCTCATGGACGGTGTTGCATGACAACATGA
TGATAACATCATACCATAGGCCAGACCAGCTGGGCGCAGCCGCGACAGCCTACAA
AGCTTATACCACAAACACAACACGGGTCGGTAAGAGGCAGGACGGTGAGTGGGT
GTCATACTCGGTCTACGGTGAGAATGTTGACTATGAAAGATACCCTGTAGCACAT
CTGCAAGAGGAGGCCGACGCGTGTTACGAGAGTTTAGGTAATATGATTACGAGCC
AGGTACAGCCCTGTACTCAGAGAGAATGTTATGCTATGGATCAGAAAGTATGCGC
AGCTGTCGGCTTCTCATCAGATGCGGGTGTTAACTCCGCAATGGTCGGTGAGGCCT
ACTTCTATGCCTATGGTGGGGTTGATGGTGAATGTGACAGCGGCTAGGATAGGAT
ATAAATAATATATTAATAAAAAAAAAAC 
ADH1 Terminator 
 GCGAATTTCTTATGATTTATGATTTTTATTATTAAATAAGTTATAAAAAAAATAAG
TGTATACAAATTTTAAAGTGACTCTTAGGTTTTAAAACGAAAATTCTTATTCTTGA
GTAACTCTTTCCTGTAGGTCAGGTTGCTTTCTCAGGTATAGCATGAGGTCGCTCTT
ATTGACCACACCTCTACCGGCATG 
EcoRV 
 GATATC 	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Table 3 (cont.): K2 cDNA construct: BamHI-K2-ADH1 terminator-EcoRV-KanMX-BamHI. 
 
KanMX (including TEF promoter and terminator) 
 CGTACGCTGCAGGTCGACGGATCCCCGGGTTAATTAAGGCGCGCCAGATCTGTTT
AGCTTGCCTCGTCCCCGCCGGGTCACCCGGCCAGCGACATGGAGGCCCAGAATAC
CCTCCTTGACAGTCTTGACGTGCGCAGCTCAGGGGCATGATGTGACTGTCGCCCGT
ACATTTAGCCCATACATCCCCATGTATAATCATTTGCATCCATACATTTTGATGGC
CGCACGGCGCGAAGCAAAAATTACGGCTCCTCGCTGCAGACCTGCGAGCAGGGA
AACGCTCCCCTCACAGACGCGTTGAATTGTCCCCACGCCGCGCCCCTGTAGAGAA
ATATAAAAGGTTAGGATTTGCCACTGAGGTTCTTCTTTCATATACTTCCTTTTAAA
ATCTTGCTAGGATACAGTTCTCACATCACATCCGAACATAAACAACCATGGGTAA
GGAAAAGACTCACGTTTCGAGGCCGCGATTAAATTCCAACATGGATGCTGATTTA
TATGGGTATAAATGGGCTCGCGATAATGTCGGGCAATCAGGTGCGACAATCTATC
GATTGTATGGGAAGCCCGATGCGCCAGAGTTGTTTCTGAAACATGGCAAAGGTAG
CGTTGCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTT
ATGCCTCTTCCGACCATCAAGCATTTTATCCGTACTCCTGATGATGCATGGTTACT
CACCACTGCGATCCCCGGCAAAACAGCATTCCAGGTATTAGAAGAATATCCTGAT
TCAGGTGAAAATATTGTTGATGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGAT
TCCTGTTTGTAATTGTCCTTTTAACAGCGATCGCGTATTTCGTCTCGCTCAGGCGCA
ATCACGAATGAATAACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCGTAAT
GGCTGGCCTGTTGAACAAGTCTGGAAAGAAATGCATAAGCTTTTGCCATTCTCAC
CGGATTCAGTCGTCACTCATGGTGATTTCTCACTTGATAACCTTATTTTTGACGAG
GGGAAATTAATAGGTTGTATTGATGTTGGACGAGTCGGAATCGCAGACCGATACC
AGGATCTTGCCATCCTATGGAACTGCCTCGGTGAGTTTTCTCCTTCATTACAGAAA
CGGCTTTTTCAAAAATATGGTATTGATAATCCTGATATGAATAAATTGCAGTTTCA
TTTGATGCTCGATGAGTTTTTCTAATCAGTACTGACAATAAAAAGATTCTTGTTTT
CAAGAACTTGTCATTTGTATAGTTTTTTTATATTGTAGTTGTTCTATTTTAATCAAA
TGTTAGCGTGATTTATATTTTTTTTCGCCTCGACATCATCTGCCCAGATGCGAAGTT
AAGTGCGCAGAAAGTAATATCATGCGTCAATCGTATGTGAATGCTGGTCGCTATA
CTGCTGTCGATTCGATACTAACGCCGCCATCCAGTGTCGAAAACGAGCTCGAATT
CATCGAT 
BamHI 
 ggatcc 	  
